cobalt chrome (cocr) metal-on-metal (MoM) total hip arthroplasties have recently been in clinical use. It has been reported that metal debris can incorporate into the periprosthetic tissue or enter the bloodstream. the objectives of this study were to evaluate the effects of cobalt ions (co 2+ ) or cobalt nanoparticules (co-NPs) on liver cells and to clarify the potential mechanisms of these effects.
Introduction
cobalt chrome (cocr) metal-on-metal (MoM) total hip arthroplasties (tHA) have been widely used in clinical practice. compared with metal-on-polyethylene (MoP) bearings, MoM tHAs demonstrated lower rates of wear, reducing wear-induced osteolysis as the main cause of loosening of prostheses. 1 Because of low wear, the prostheses were primarily selected for younger and more active patients. 2 Whilst numerous studies demonstrated that MoM tHAs released a large amount of very small wear particles and metal ions, the number of particles was up to 500 times higher than the MoP bearings. 3 Particles have been reported to be smaller than 50 nm in size. 4 once the diameter of non-toxic or toxic materials reaches nanoscale, the nature of the biological effects may change. 5 It has been reported that metal debris can incorporate into the periprosthetic tissue or enter the bloodstream, 6 and patients may have higher blood cobalt and chromium concentrations than normal. 7 Metal particles and ions gathered into the periprosthetic tissue may induce inflammatory reactions and create masses of soft-tissue and fluid collections. this could potentially lead to tissue necrosis and osteolysis. [8] [9] [10] [11] [12] [13] Several reports showed that patients with elevated cobalt and/or chromium concentrations in blood, serum or plasma presented serious systemic symptoms including neurological conditions, cardiomyopathy and hypothyroidism. [14] [15] [16] [17] [18] [19] [20] [21] cobalt ions (co 2+ ) and cobalt nanoparticles (co-NPs) were identified as the important degradation products of MoM tHA. 22 Recently, the biological effects of cocr nanoparticles and ions on macrophages demonstrated that only co-NPs (30 nm) exhibited cytotoxicity in vitro relative to cr-NPs (30 nm). 23 However, there was a definite lack of information on the toxicity and the mechanisms of co 2+ or co-NPs on liver cells. therefore, in this study, we evaluated the effects of co 2+ and co-NPs on liver cells and attempted to determine the probable potential mechanisms.
Materials and Methods
Materials. the rat liver cell line, BRl-3A, was obtained from the Shanghai cell Bank at the chinese Academy of Sciences. cocl 2 -6H 2 o, co-NPs, dimethyl sulfoxide (DMSo), DcFH-DA (2', 7'-Dichlorofluorescin diacetate), tRIzol and Mtt (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) were obtained from Sigma-Aldrich (St. louis, Missouri). co 2+ was prepared at a concentration of 10 mM using ultrapure water and sterilised using a 0.22 μm filter (Merck Millipore, Darmstadt, Germany). In each experiment, the stock solutions were freshly diluted with a culture medium to the test concentrations. co-NPs (30 nm to70 nm, with a median size of 50 nm) samples were heat sterilised (180°c, four hours) and then suspended in ultrapure water at a concentration of 100 mM. the stock solutions were sonicated intermittently six times for two minutes and freshly diluted with a culture medium to the test concentrations. According to other studies 24, 25 and our pilot experiments (data not shown), the concentrations of co 2+ and co-NPs used in this study were 0 μM to 500 μM. Dulbecco's Modified eagle's medium (DMeM), fetal bovine serum (FBS), trypsin-eDtA and penicillin/streptomycin were purchased from Invitrogen ltd (Paisley, United Kingdom). tissue culture dishes were obtained from corning Inc. (New York, New York). Physicochemical characterisation of Co-NPs. co-NPs were characterised for size, shape and hydrodynamic diameter. the size, microstructure and elemental composition of co-NPs were assessed by high-resolution scanning electron microscopy (SeM), transmission electron microscopy (teM) and energy dispersive X-ray spectroscopy (eDS). In brief, co-NPs were suspended in DMeM supplemented with 5% FBS at a concentration of one mg/ml (pH 7.2 to 7.4), then the sample was sonicated by using a sonicator bath until a homogeneous suspension formed. A drop of aqueous co-NPs suspension was placed onto a carbon-coated copper grid and air-dried to obtain SeM and teM images. eDS was employed for elemental analysis. Dynamic laser light scattering (DlS) measurements were used to determine the hydrodynamic diameter and size distribution of co nanoparticles in the cell culture medium. Cell preparation. Frozen BRl-3A cells were thawed, mixed with 10 ml culture medium, and centrifuged at 1000 rpm/min for five minutes. the cells were mixed with DMeM supplemented with 10% FBS and 100 U/ml penicillin/streptomycin, blended into a single-cell suspension at a concentration of 5×10 5 cells/ml. cells were cultured at 37°c in a humidified incubator containing 5% co 2 and 95% air. Cell viability assay. the effect of co 2+ and co-NPs on the viability of BRl-3A cells was evaluated using the Mtt assay. Briefly, 5×10 3 cells/well were plated into 96-well tissue culture plates and exposed to co 2+ and co-NPs at varying concentrations (1 μM, 5 μM, 10 μM 50 μM, 100 μM and 500 μM) for four, 24 and 48 hours. culture medium served as the control in each experiment. optical density was measured at 570 nm with a reference wavelength of 630 nm using a microplate reader. All experiments were performed in triplicate. cell viability rates were shown as a percentage of the control. the 50% cytotoxic concentration (cc 50 value) was then calculated. Lactose dehydrogenase (LDh) activity. lDH release was used as an indicator of cell membrane damage after 24 hours of exposure to co 2+ or co-NPs at two concentrations (10 μM and 100 μM), lDH release was measured by an lDH assay kit (Beyotime Biotechnology, Shanghai, china) according to the manufacturer's protocol. the samples were assessed using a spectrophotometer. 0.01% triton X-100 treatment for two minutes was used as a positive control.
Measurement of ROS accumulation. the production of intracellular reactive oxygen species (RoS) was measured by using 2', 7'-Dichlorofluorescin diacetate (DcFH-DA). 26 DcFH-DA passively enters the cell, where it reacts with RoS to form the highly fluorescent compound 2', 7'-dichlorofluorescein. Briefly, 10 mM DcFH-DA stock solution was diluted in culture medium without serum to yield a 10 μM working solution. the cells in six-well plates were incubated for 24 hours, and then treated with co 2+ or co-NPs for 24 hours. the culture medium was then removed and DcFH-DA was added at 37°c for 20 minutes. cells were then washed three times with DMeM and the fluorescence was recorded at 480 nm/525 nm (excitation/emission) wavelengths. the intensity of fluorescence was measured by a fluorescence plate reader and by laser confocal microscopy. H 2 o 2 (100 mM) was used as a positive control.
RNA Isolation and quantitative real-time polymerase chain reaction (PCR)
. total RNA was extracted from the BRl-3A cells using the trizol-based method. Approximately one μg of total RNA was reverse-transcribed into first-strand cDNA using RevertAid First Strand cDNA Synthesis Kit (thermo Fischer Scientific, Waltham, Massachusetts). the synthesised cDNA was used for quantitative realtime PcR and performed using UltraSYBR Mixture (With Rox) (comWin Biotech co., ltd, Beijing, china), then analysed on an ABI 7500 Real-time PcR System (Applied Biosystems, Foster city, california). All gene expression data are normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression levels. the reaction conditions were as follows: initial 94°c for 30 seconds, then 35 cycles of 94°c for five seconds, 58°c for 15 seconds, 72°c for ten seconds, and a final extension at 72°c for ten minutes. Specific primers are shown in table I. Comet test. co 2+ and co-NPs concentrations (10 μM and 100 μM) below cc 50 were selected to evaluate DNA damage in the following alkaline comet assay. the alkaline comet assay for assessment of primary DNA damage was performed according to the method described by Singh et al 27 with some modifications. cells cultured in 24-well plates were exposed to co 2+ and co-NPs for 24 hours, then washed with phosphate-buffered saline (PBS) and re-suspended in 0.5% low melting point agarose (lMPA) and located between a layer of 1% normal melting point agarose (NMPA) and a layer of 0.5% lMPA on microscope slides. Afterwards, the slides were immersed in cold fresh lysing solution (2.5 M Nacl, 100 mM Na 2 eDtA, 10 mM tris, 10% DMSo, 1% triton X-100, and 1% laurosylsarcosinate, pH ten) overnight. All procedures were performed under dim light. the next day, slides were incubated at 4°c in fresh alkaline buffer (0.3 M NaoH and 1 mM eDtA, pH 13) for 30 minutes and electrophoresed at 4°c for 20 minutes at 0.73 v/cm and approximately 300 mA. After electrophoresis, the slides were washed in neutralisation buffer (0.4 M tris, pH 7.5), fixed with ethanol for three minutes, stained with propidium iodide (5 μg/ml) and analysed using a fluorescent microscope (olympus BX50; olympus corp., tokyo, Japan). A total of 100 randomly selected cells were analysed by the cASP software. 28 DNA damage was evaluated by olive tail moment and the percentage of DNA in the tail (%tail DNA). Statistical analysis. All experiments were performed in triplicate, and the data are shown as mean and standard deviation (sd) of three separate experiments. All statistical analysis were performed with Graphpad Prism software 5 (la Jolla, california) using one-way analysis of variance (ANovA) followed by Dunnett's test to evaluate significance relative to control. the probability values of p < 0.05 were considered significant, and p < 0.01 was considered highly significant.
Results
Physicochemical characterisation of Co-NPs. the size and morphology of the co-NPs were characterised by teM and SeM. the teM morphology (Fig. 1a) and the SeM morphology (Fig. 1b) of co-NPs displayed a nearly spherical shape with a mean diameter of about 50 nm. eDS analysis was employed for elemental analysis (the point from Fig. 1b) , confirming the presence of co elements in co-NPs (Fig. 1c) . DlS measurements further confirmed the diameter of co-NPs with a narrow size distribution (Fig. 1d) . Cytotoxicity of Co 2+ and Co-NPs. Mtt results demonstrated a time-and dose-dependent cytotoxicity of co 2+ and co-NPs on BRl-3A cells (Fig. 2) . the Mtt assay was performed after treating BRl-3A cells with co-NPs and co 2+ cells cultured in a medium alone as the control group. At the 100 μM concentration, co-NPs showed significant toxicity after 24 hours of treatment (Fig. 2) . Mtt reduction was observed after four hours of exposure to co 2+ and co-NPs at concentrations of 1 μM, 5 μM, 10 μM, 50 μM, 100 μM and 500 μM with reduction of 1.1%, 1.8%, 3.0%, 11.5%, 17.1%, 41.1% and 1.7%, 2.7%, 7.3%, 24.6%, 42.5%, 45,2%, respectively, with a further reduction to 2.1%, 4.5%, 6.3%, 15.4%, 27.6%, Apoptosis or necrosis can cause the destruction of the cell membrane structure, leading to cell plasma lactate dehydrogenase (lDH) release. the cytotoxicity was further confirmed by measuring lDH release levels in cell culture medium with different concentrations of co 2+ or co-NPs for 24 hours. the result showed that lDH release was significantly induced by co-NPs (Fig. 3) , indicating that co-NPs could lead to cell membrane damage. Influence of Co 2+ and Co-NPs on ROS production. the ability of co 2+ and co-NPs to induce oxidative stress was evaluated by measuring the levels of RoS formation in BRl-3A cells (Fig. 4) . Results showed that the co-NPs significantly induced the intracellular production of RoS, compared with co 2+ , on normal liver cells after 24 hours of exposure. the levels of RoS were increased 2.17 and 3.84 times in normal liver cells compared with the control group at 10 μM and 100 μM (data not shown), respectively. No significant induction of cellular RoS production was seen according to different concentrations of co 2+ in this study. In order to determine if co 2+ or co-NPs induce apoptosis in BRl-3A cells, the mRNA expression of Bcl-2 and Bax were evaluated by quantitative real-time PcR analysis after 24-hour treatment with co 2+ or co-NPs (10 μM, 100 μM). the ratio of Bax/Bcl-2 expression was determined because its ratio is significant for determining whether a cell underwent apoptosis. 29 the Bax/Bcl-2 ratio was increased dose dependently in BRl-3A cells with co 2+ and co-NPs treatment (Fig. 5) .
effect of Co 2+ and Co-NPs on expression of IL-8 mRNA in BRL-3A cells. In this study, the expression of Il-8 mRNA was used to investigate the relationship between the effects induced by co 2+ or co-NPs and the immune response. compared with the control group, the expression of Il-8 mRNA significantly increased after treating the cells at concentrations of 10 μM and 100 μM co-NPs for 24 hours (p < 0.01). After cells were treated with different concentrations of co 2+ , the expression of Il-8 mRNA was only increased at high concentrations of co 2+ (100 μM) (p < 0.05); 10 μM co 2+ did not induce a significant increase of Il-8 mRNA expression in BRl-3A cells (Fig. 6 ). DNA damage induced by the Co 2+ and Co-NPs. the comet assay was carried out to investigate the effect of the exposure of co 2+ and co-NPs on DNA strand breaks using BRl-3A cells. the nucleus in control cells appeared round (Fig. 7) , similar to the low concentration co 2+ groups (10 μM), while the other groups showed an increase in DNA breakage (Fig. 7 ) compared with the control group. the percentage of DNA in comet tail (% tail DNA) was used to evaluate DNA damage, which is recognised as informative and reliable in the measurement of DNA damage. 30, 31 A large tail was detected in the nucleus of each cell exposed to the co-NPs groups (10, 100 μM) (data not shown).the results suggested that the co-NPs may correlate with DNA damage.
Concentration (μM) Concentration (μM)
Concentration ( viability of BRl-3A exposed to cobalt ions (co 2+ ) and cobalt nanoparticles (co-NPs) was determined by the Mtt assay. BRl-3A cells were treated with co 2+ (0-500 μM) and co-NPs (0-500 μM) for four, 24 and 48 hours (left to right). co 2+ and co-NPs decreased cell viability in time-and dose-dependent manners. All data were expressed as mean and Standard deviation of three independent experiments performed in triplicate. *p < 0.05 compared with control; ◇ p < 0.05 compared with co 2+ ; # p < 0.05 compared with four hours; △ p < 0.05 compared with 24 hours. the lDH level of BRl-3A cells incubated with different concentrations of cobalt ions (co 2+ ) and cobalt nanoparticles (co-NPs) for 24 hours. All data were expressed as mean and standard deviation of three independent experiments performed in triplicate. **p < 0.01, compared with the control.
Discussion
With the development of the MoM bearing to tHAs, the potential biological adverse effects of degradation products on human tissue has received significant attention. A recent study has demonstrated that co 2+ and co-NPs induce time-and dose-dependent cytotoxicity. While it was unknown whether the release of co 2+ originates from the prostheses, or by corrosion of wear particles, the mechanism of co 2+ cytotoxicity is understood in that oxidative stress plays an important role. [16] [17] [18] [19] Young-min Kwon et al 23 reported the potential toxicity of co-NPs on macrophages, although co 2+ in the culture medium created by the corrosion of co-NPs could not induce significant effects. this latter study the data were quantified by the ratio of Il-8 mRNA expression, Il-8 mRNA expression (index for pro-inflammatory status) was only increased after cobalt ions (co 2+ ) exposed at concentrations of 100 μM for 24 hours. All data were expressed as mean and standard deviation of three independent experiments performed in triplicate. *p < 0.05, ** p < 0.01, compared with the control. the data were quantified by the ratio of Bax/Bcl-2 mRNA expression. Bax/ Bcl-2 mRNA expression (index for apoptosis status) was only increased after cobalt nanoparticles (co-NPs) exposed at concentrations of 10 μM and 100 μM for 24 hours. All data were expressed as mean and standard deviation of three independent experiments performed in triplicate. * p < 0.05, ** p < 0.01, compared with the control.
Fig. 4
Fluorescence microscopic picture of BRl-3A cells treated with different concentrations of cobalt ions (co 2+ ) or cobalt nanoparticles (co-NPs) and stained with DcFH-DA; 100 mM H 2 o 2 was used as a positive control. Scale bar is 100 μm.
suggested that the cytotoxicity of co-NPs was more likely to be mediated predominantly by the co-NPs themselves, rather than the metal ions dissolved from the nanoparticles in the extracellular culture medium. though the toxicity of co 2+ and co-NPs was confirmed, the specific mechanism was not explained. In this study, the normal liver cells (BRl-3A cells) were used to assess the biological effects of co 2+ and co-NPs. Metal ions dissolved from cocr-molybdenum (Mo) alloy accumulate in liver and kidney tissue because these organs are known to be involved in the excretion of many metals. therefore, the kidney and liver are the major target organs for wear debris and metal ions. 32 other studies have shown that metal nanoparticles and ions could induce an excessive generation of RoS and cause cell death. 33, 34 Mitochondria are the main source of reactive oxygen species, and the liver cells contain more mitochondria than other cells.
this study indicated that co 2+ and co-NPs induced a time-and dose-dependent cytotoxic effect on BRl-3A cells and the cytotoxic effects of co-NPs were stronger than those of co 2+ . our data further confirm that of the previous study on the cytotoxicity of co 2+ and co-NP exposure to macrophages. 23 In addition, toxicity was also demonstrated with the release of lDH, implying the effects of co-NPs on cell membrane integrity. Figure 4 showed that co-NPs significantly induced the intracellular production of RoS on BRl-3A cells. the finite amounts of RoS could enhance cell proliferation and differentiation, 35, 36 while the excessive amounts of RoS which disturb the oxidant/antioxidant balance could cause oxidative damage to lipids, proteins and DNA. 37, 38 the data suggest that co-NPs induced DNA damage through generation of oxidative stress in BRl-3A cells.
the Bcl-2 family proteins contain anti-apoptotic proteins such as Bcl-2 and pro-apoptotic proteins such as Bax, and are the critical regulators of the mitochondrial apoptotic pathway. the Bcl-2 family proteins regulate cytochrome c release from the mitochondria into the cytosol. Bcl-2 proteins inhibit cytochrome c release by protecting permeability transition and stabilising the function of the outer mitochondrial membrane, whereas Bax proteins induce the release of cytochrome c [39] [40] [41] .the ratio of the pro-apoptotic and anti-apoptotic Bcl-2 family (Bax/Bcl-2) is a key indicator of the release of cytochrome c from the mitochondria into the cytosol. 42 Figure 5 showed that co-NPs increased the ratio of Bax to Bcl-2 levels, and the results suggested that co-NPs regulate DNA damage in BRl-3A after 24 hours of exposure to different concentrations of cobalt ions (co 2+ ) or cobalt nanoparticles (co-NPs). 100 mM H 2 o 2 was used as a positive control. Scale bar is 50 μm. the permeability of the outer membrane of mitochondria through Bcl-2 family proteins, leading to the release of cytochrome c, and ultimately apoptosis of BRl-3A cells. However, it is interesting that the Bcl-2 family could also regulate the production of RoS. 40, 41 We speculate that this phenomenon occurred in normal amounts of RoS; excessive amounts of RoS would, conversely, inhibit the expression of Bcl-2 and improve the expression of Bax.
More importantly, our data show that co 2+ and co-NPs induced a dose-dependent increase of Il-8. It has been reported that large amounts of lymphocytes and macrophages were observed in periprosthetic soft-tissue masses in the area of the hip joint. [5] [6] [7] 12 A previous study also found a significantly dose-dependent of cobalt oxide nanoparticles increase in pro-inflammatory cytokine tNF-α and a decrease in the anti-inflammatory cytokine Il-10. 43 therefore, the results indicate that co-NPs could induce an inflammatory response in BRl-3A cells.
In conclusion, this study suggests that co 2+ and co-NPs could induce time-and dose-dependent cytotoxicity and genotoxicity in normal liver cells in vitro. the probable mechanisms of toxicity could be that co 2+ and co-NPs induce adverse biological effects through the activation of the immune response, the generation of RoS and expression of the Bcl-2 family of proteins. However, there were insufficient data available to explain the relationship between RoS and the Bcl-2 family, and further studies would be necessary to evaluate the relationship between these two systems.
